by others in renal tubules from a variety of species both in vivo and in vitro (34). More recently electrical resistance or shirt-circuit current has been measured in Necturus (8) and rat renal tubules (13, 17). The measurement of electrical resistance or short-circuit current is complicated because the tubule geometry makes it difficult to achieve a uniform current density through the epithelium using micropipets as electrodes.
Previous attempts to solve this problem have involved use of very short tubule segments blocked by oil (8, 13), or application of cable theory to measurements of potential difference (PD) at different distances from the current source (4, 13, 17). These procedures all have some practical or theoretical difficulties (see DISCUSSION) . In the present studies a new method has been developed for measuring electrical resistance in isolated perfused rabbit cortical collecting tubules and its validity confirmed. The method has been used to determine the effect of altered transtubular hydrostatic pressure and of the antidiuretic hormone on electrical resistance and potential difference in the rabbit renal cortical collecting tubule.
METHODS
Fragments of cortical collecting tubule l-3 mm long were dissected from rabbit kidneys and perfused as previously described (2) described (2) using the arrangement shown in Fig. 1 . Fluid using the arrangement shown in Fig. 1 . Fluid was perfused into the tubule lumen by gravity through the was perfused into the tubule lumen by gravity through the inner pipet on the left. The perfusion pressure and rate of inner pipet on the left. The perfusion pressure and rate of perfusion were adjusted by raising or lowering the height perfusion were adjusted by raising or lowering the height of a fluid reservoir connected to the perfusion pipet. For of a fluid reservoir connected to the perfusion pipet. For most studies a pressure of l-20 ~111 H,O was used which most studies a pressure of l-20 ~111 H,O was used which resulted in flow rates ranging from 5 to 30 111 min? The resulted in flow rates ranging from 5 to 30 111 min? The pressure in the tubule lumen was not measured, but owing pressure in the tubule lumen was not measured, but owing to the hydraulic resistance of the pipet tip it is lower than to the hydraulic resistance of the pipet tip it is lower than the perfusion pressure. the perfusion pressure.
Either of two perfusion solutions was used: 1) "isotonic" Either of two perfusion solutions was used: 1) "isotonic" perfusion fluid (290 mOsm kg+) was continuously gassed with 95 % 02 plus 5 % COZ. All studies were done at room temperature (23-25 C.). C02. All studies were done at room temperature (23-25 C.). In order to measure the electrical resistance, the tubule In order to measure the electrical resistance, the tubule lumen was insulated from the bath at both ends. At the lumen was insulated from the bath at both ends. At the perfusion end a large (18-22 p) inner pipet was advanced perfusion end a large (18-22 p) inner pipet was advanced 500-900 p into the lumen. The luminal surface remained 500-900 p into the lumen. The luminal surface remained in contact with the glass of this pipet providing the electrical in contact with the glass of this pipet providing the electrical insulation.
At the other end of the tubule a liquid dielectric, insulation.
At the other end of the tubule a liquid dielectric, Sylgard 184 (Dow Corning, silicone resin), was used to Sylgard 184 (Dow Corning, silicone resin), was used to insulate the tubule within the collecting pipet (3). insulate the tubule within the collecting pipet (3). The electrical equivalent of a renal tubule is shown in The electrical equivalent of a renal tubule is shown in Fig. 2 . R, (ohm c~rrl) is the core resistance and R, (oh Fig. 2 . R, (ohm c~rrl) is the core resistance and R, (oh cm) is the transepithelial resistance. Electrical cable theory cm) is the transepithelial resistance. Electrical cable theory was used to calculate R, and R,. was used to calculate R, and R,.
The general solutions for this electrical cable (Fig. 2) are The general solutions for this electrical cable ( 
in which V(,, in which V(,, and I(,) are the voltage and curren and I(,) are the voltage and current, respec-.t, respectively, in the lumen at any point x, X is the space tively, in the lumen at any point x, X is the space constant, constant, A and B are constants which depend 011 the boundary A and B are constants which depend 011 the boundary condition at x = 0 and x condition at x = 0 and x = L, and L is the tubule length. = L, and L is the tubule length. For a tubule whose lumen is electrically insulated from For a tubule whose lumen is electrically insulated from the external bathing solution at both ends, as in the present the external bathing solution at both ends, as in the present experiments :
where I, is the current injected into the tubule lumen through the inner perfusion pipet and V, and VL are the voltage changes at x = 0 and x = L, resulting from the current.
The tubule length, L, was measured with a calibrated micrometer eyepiece. The tip of the inner perfusion pipet was defined at x = 0 and the point of contact between the Sylgard 184 in the collecting pipet and the bathing solution asx = L.
A Ag-Cl wire was placed in the fluid at the back of the perfusion pipet and was used both to inject current into the tubule lumen and to measure the resultant voltage change, V, at x = 0. This Ag-Cl wire was attached to a Bak unity gain electrometer as shown in Fig. 3 . A battery in series with a 10 g Q precision resistor provided a constant current, the magnitude of which could be set at values between 0 and 90 X 10eg amp by means of the voltage divider.
Prior to cannulating the tubule, the electrical resistance of the inner perfusion pipet was measured by passing a known constant current through the pipet and observing the voltage change. When filled with isotonic perfusion fluid, the resistance of the pipets was between 4 and 7 X lo6 G! and remained unchanged at the end of the experimental period (several hours). In order to null the voltage deflection caused by the resistance of the perfusion pipet during passage of current, an identical voltage developed across the variable resistor (lo3 St) of the bridge circuit was differentially coupled into a Tektronix 3A3 amplifier and 56 1A oscilloscope.
After the pipet was inserted into the tubule lumen the change in voltage, V,, resulting from current I, was measured from photographs of oscillograph tracings. The ratio V./IO is the input resistance, Ri. During current passage, the voltage deflection at the collecting end of the tubule was recorded simultaneously using a capillary electrode filled with perfusion fluid. The tip of this electrode contained 2 o/o agar A. Ag-Cl wire was inserted into the back of the capillary electrode and connected to the input of a second Bak unity gain electrometer and displayed as a second sweep on the oscilloscope.
A third Ag-AgCl wire grounded the bathing solution through a low-resistance ( < lo4 St) bridge containing perfusion fluid. Electrical asymmetry as measured between capillary electrodes and the peritubular bathing solution was less than 2 mv. Any voltage asymmetry of the perfusion pipet electrode was nulled using a voltage reference (Heath) source in series between the bath and ground (Fig. 3) . In order to evaluate the adequacy of the electrical insulation at the ends of the tubules, an identical current was passed into the tubule lumen through either the perfusion pipet or the collecting pipet and the voltage deflection at the opposite end of the tubule was recorded. The recorded voltages at both ends were identical, indicating that the perfused tubule had uniform electrical properties and was adequately insulated at both ends. The voltage response would not be identical if there were an electrical leak at one end; equal leaks at the two ends are unlikely since the methods of insulation differ.
RESULTS
Spontaneous potential dij'erence. The transepithelial potential difference was monitored continuously at both ends of the tubule. After approximately 180 min of perfusion, the PD reached a stable value (4). The PD at the perfusion end (-11.4 + 2.5SEMIIW, ?Z = 27) was generally more negative than at the collection end (mean difference 8.3 mv). A possible reason for this difference is that the short segment of tubule extending through the Sylgard 184 into the col- letting pipet is electrically active and introduces an electrical potential in series between the tubule lumen and collecting pipet electrode.
(When the collection end of the tubule is cannulated in the same manner as the perfusion end, the voltages at the two ends are equal (15).) Since the spontaneous PD across the tubule epithelium is that recorded at the perfusion end, only this value will be reported in what follows.
The magnitude of the spontaneous PD was inversely related to the hydrostatic pressure difference across the tubule wall. When the perfusion pressure was increased (Figs. 4 and 5) , the PD decreased. When the hydrostatic pressure of the bath was increased (by raising the fluid level), the PD increased (Fig. 5) . Tubule diameter varied with the transepithelial pressure difference so that it is possible that the degree of stretching of the tubule wall, rather than the pressure difference per se, was responsible for these alterations in PD.
In general, higher perfusion pressures were used in the present studies than previously (4), possibly explaining the lower mean PD (-11 vs. -25 mv). At low-perfusion pressure the lumen of the tubule is irregularly shaped. The higher pressure was used in order to distend the tubule lumen uniformly, in accordance with the assumption of a uniform value for R, in the electrical cable model used to analyze the data.
Voltage response during constant-current injection. When a constant current of 2-7 X lOus amps was passed through the tubule, there were at least two distinct phases to the time course of the voltage response. There was a rapid exponential voltage response with a time constant of 30-50 msec (V,, in Fig. 6 ), followed by a slower response lasting 60 set or more (polarization potential in passive resistive elements in the tissue. Its time course is determined by both the capacitance and resistance of the tubule and its final steady value by the resistance alone. The polarization potential, in contrast, is most likely due to redistribution of ions in the tissue during passage of current (see DISCUSSION) and is independent of the resistance. Therefore, voltage deflection at 100 msec was used to calculate the electrical resistance since at that time the "rapid" voltage change was complete and there was not yet any important contribution of the polarization potential.
For the measurements of resistance the current pulses did not exceed 1.5 set duration and 2 X lo+ amps intensity. Under these conditions resistance was independent of current duration, intensity, and polarity.
Transepithelial resistance (&).
RT and R, were measured every 5-10 min and reached a stable value in 130-180 min of perfusion.
After this time, RT remained constant in individual tubules (Fig. 8) . The mean value of RT was 13.8 X lo4 ohm cm with isotonic perfusion fluid and 3.29 X lo4 ohm cm with hypotonic perfusion fluid ( 
R-T).
This point was tested further by perfusing at different pressures in order to vary the luminal diameter. Then, the measured diameter and that calculated from R, were in close agreement over a wide range of the latter (Fig. 9) Giebisch, Klose, Malnic, Sullivan, and Windhager (13) modified this technique for rat proximal tubules. They first determined the space constant (X) by passing current through one micropipet and measuring the resulting voltage change with a second pipet at puncture sites various distances from the first; X was 55 p. Then, short lengths of tubule lumen were isolated between oil drops and the shortcircuit current measured with the Karger, Eigler, and Hampel method (18) or alternatively with double-barreled micropipets, using one channel to pass current and the second to record voltage. Giebisch et al. (13) found that the short-circuit current was constant for tubule areas below 1.4 X lop5 cm2 (corresponding to a length of approximately 20 p). The mean spontaneous PD was -18 mv and the short-circuit current was 73 X lo-" amp/cm". Therefore, the electrical resistance was 25 ohm cm2. The short-circuit current was approximately equivalent to the net Na transport mcasurcd in rat proximal tubules without short circuiting.
As discussed by the authors, it was diflicult to perform these electrical measurements in segments 20 p long because the oil drops moved together rapidly (the distance between oil drops decreased to one-half in 8.7 set) and with the Karger, Eiglcr, and Hampel method rneasurements at several different currents are required.
2 In order to calculate electrical resistance from the open-circuit PD and short-circuit current, it is necessary that the ratio of voltage to applied current be independent of time and current density. Since it was not determined whether these conditions were met in many of the studies, the calculations of resistance must be considered to be tentative and are given only to approximate the relative magnitude of the resistances.
tubules. They measured the effective resistance (R,ff)3 and the space constant (x> separately and calculated the tubule resistance using cable theory. Since doublebarreled pipets such as Giebisch et al. (13) had used yielded values for Reff different from their other methods, they rejected this method. They also rejected the Karger, Eigler, and Hampel method of a single pipet with a bridge circuit, since the resistance of the long tubule segments they studied was low compared to that of the pipets. (The reason that the Kargcr, Eigler, and Hampel method could be succcssfully used in the previous studies was that the tubule resistance was high (Necturus (8)) or very short segments were isolated between oil drops (rat (13) and Orloff (4) attempted to measure the electrical resistance of isolated perfused rabbit cortical collecting tubules. They introduced coaxial glass micropipets through one broken end of the tubule into its lumen. The outer pipet was stationary and was used to perfuse the tubule and pass current. The inner pipet could be advanced into the tubule lumen and was used to measure the voltage change resulting from the current. They found that the voltage change was linearly related to distance rather than exponentially as required by cable theory. They concluded that the tubule had a much higher resistance than that previously recorded in rat proximal tubules, but that the method was inadequate to measure it precisely because of electrical leaks at the ends of the tubules where they were held by the pipets. Also, as the voltage-measuring pipet was advanced it partially blocked the lumen and changed the core resistance, which was not taken into account.
For the present studies techniques were developed to insulate tubules adequately and the resistance of the rabbit cortical collecting tubule has been measured using a single pipct (connected to a bridge circuit) to pass current and record voltage at the proximal end and another electrode to record voltage at the distal end. In this method the normal flow of tubule fluid is not interrupted.
The mean 3 Reff is defined by these authors as the voltage change at the point where current is introduced into an infinitely long tubule.
It cannot be compared directly with Ri in the present studies or the others reported here since the exposed length of tubule differed in the various studies.
resistance with isotonic solutions was 13.8 X lo4 Q cm or (assuming 20-p diam) 867 Q cm2. This is much higher than the values previously found in rat proximal tubules of 5 (17) and 25 (13) ohm cm2. The higher resistance of rabbit cortical collecting tubules is consistent with the fact that they can maintain large ion concentration gradients (15) compared to proximal tubule (34) and presumably have a lower ionic permeability.
One interesting aspect of the present studies is the polarization potential (Fig. 6 ). This apparently is not present in rat proximal tubules, since Hegel, Fromter, and Wick (17) do not report it and the recording system which they used should have been sufhciently fast to detect it. A similar potential has been reported with passage of current across frog gastric mucosa (24) and gall bladder (31) and into frog muscle cells (10). Since the induced voltage persists after termination of the current, it cannot be due to a change in membrane resistance. Also, the time course for the change in PD is so long that it cannot reasonably be attributed to membrane capacitance.
(For a transepithclial resistance of 10" ohm cm in collecting tubule with a diameter of 20 p, a polarization potential time constant of 5 set would require a membrane capacitance of 8,000 PF cm-$ which is much greater than that previously found in other tissues (7). The most likely explanation for the polarization potential is that during current passage ions are redistributed within the tissue and that the altered ion ratios across tissue membranes cause the obscrvcd PD. In the case of frog skeletal muscle, K is probably redistributed across the membranes lining the sarcotubular membranes ( 10). It is conceivable that lateral intcrccllular spaces arc the analogous space in the collecting tubule. Because of these considerations, the resistance in the present studies was calculated using the rapid-voltage deflection (at 100 msec). Until the cause of the polarization potential in this tissue is elucidated, however, some uncertainty will remain concerning the interpretation of the electrical resistance. Since electrical currents arc generally carried through epithelia by movement of ions, the electrical resistance should be a function of ionic permeability.
Our results will be interpreted on this basis. Both changes in transtubular hydrostatic pressure and the action of the antidiuretic hormone caused the electrical PD to change without any change in the electrical resistance. Taken at face value these results indicate that the changes in PD were not caused by altered ion permeability.
There is a possible exception to this generalization, however, as is indicated in the following discussion.
Vasopressin increases the pcrmcability to water of frog skin and toad bladder and also stimulates active sodium transport (19, 20, 29) . Although the hormone has been shown to increase water permeability in various distal nephron segments (14, 22, 27), its cffcct on Na transport in the kidney is uncertain.
In isolated perfused rabbit cortical collecting tubules, vasopressin caused a transient increase in PD which was attributed to an incrcasc in active Na transport, although there was no direct evidence to support this conclusion (4). In frog skin and toad bladder, vasopressin also causes an increase in PD (11, 20) and this is accompanied by a decrease in electrical resistance (6) . It was proposed that the hormone increases the permeability of the mucosal membrane of these epithelial cells to Na, and consequently stimulates Na transport by increasing the concentration of ;Na available to the Na pump located in the serosal cell membranes (9). This view was strengthened by the observation of Civan and Frazier (5) that the decrease in transepithelial resistance caused by vasopressin in the toad bladder epithelium occurs at the mucosal border of the cells.
Although vasopressin cortical collecting tubul caused the electrical PD across es to increase transien tlY (4 s), the hormone does not cause any change in electrical resistance. The rise in PD therefore may be due to an increased active ion transport.
In this respect the collecting tubule could be similar to the toad bladder (20) and frog skin (29) in which the vasopressin-induced increase in PD is caused by the more rapid sodium transport.
Ullrich, Baldamus, Uhlich, and Rumrich (26) reached a contrary conclusion concerning the effect of vasopressin on rat papillary collecting ducts. They found that the rate of fluid absorption (equivalent to the Na transport rate) was not changed by vasopressin but that the steady-state Na concentration difference maintained by the tubule was decreased, presumably due to an increase in Na permeability.
The failure of vasopressin to alter the electrical resistance in the cortical collecting tubules leads to a contrary conclusion, namely that ion permeability is unchanged.
The reason for this apparent difference in the mechanism of vasopressi n action remains to be elucidated. The cortical collecting tubule apparently differs from toad bladder since its electrical resistance is not decreased by vasopressin whereas it is decreased in the toad bladder. Taking the results at face value it is possible that vasopressin stimulates Na transport directly in the cortical collecting tubule rather than indirectly as in toad bladder. On the other hand, it is also possible that the electrical resistance of the luminal surface of the tubule cells is actually decreased in the kidney tubule as well, but that the resistance through the entire tissue is not measurably altered. This would occur if the principal conductance pathway for ions were a shunt between the tubule cells and if the shunt resistance were very low compared to that of the luminal cell membranes. Evidence for important shunting of ions between cells has been obtained in several epithelial tissues. Ussing and Windhager (28) f ound that hyperosmolar addition of urea
